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 Inter- and intraspecifi c spatial aggregation of plants can 
improve species ’ performance ( Callaway, 2007 ). In abioti-
cally extreme habitats, neighboring individuals can amelio-
rate stressful environmental factors by, for example, providing 
shelter from burial or wind exposure or buffering moisture or 
temperature extremes ( Bertness and Callaway, 1994 ;  Brooker 
and Callaghan, 1998 ;  Stachowicz, 2001 ;  Brooker et al., 2008 ). 
In consequence, in abiotically extreme habitats the spatial ag-
gregation of plants can be correlated with the occurrence of 
positive interactions and be used as a preliminary mensurate 
measure of the frequency of facilitative interactions ( Tirado 
and Pugnaire, 2003 ;  Kikvidze et al., 2005 ;  Dullinger et al., 
2007 ). Due to their strong facilitative impacts, many cushion 
plants are considered ecosystem engineers ( Badano et al., 
2007 ,  2010 ) and are known to facilitate other plant species 
characterized by a variety of growth forms, including other 
cushion plants (e.g.,  Cockayne, 1911 ;  Dobson, 1975 ;  Zoller 
and Lenzin, 2006 ). The frequency of intraspecifi c facilitation 
within any cushion plant species has yet to be assessed, but 
we hypothesized that cold and windy sub-Antarctic condi-
tions may favor extreme intraspecifi c aggregation in species 
(including the formation of cushions composed of multiple 
individuals) due to strongly positive intraspecifi c interactions 
resulting from effective environmental amelioration by neigh-
boring plants. 
 Azorella selago is a keystone species across portions of its 
distribution ( Hugo et al., 2004 ), displaying the slow growth, 
longevity, and stress-tolerance typical of most cushion plant 
species ( le Roux and McGeoch, 2004 ;  McGeoch et al., 2008 ). 
This species provides a thermally buffered habitat for other 
plants and invertebrates ( Hugo et al., 2004 ;  Nyakatya, 2006 ), 
and other species in the genus are known to improve the soil 
nutrient and moisture status of their underlying soils ( le Roux 
and McGeoch, 2008b ,  2010 ;  Cavieres et al., 2007 ). Thus, the 
species is able to effectively ameliorate microhabitat condi-
tions, altering the abundance and distribution of many other 
species ( McGeoch et al., 2008 ).  Azorella selago cushions can 
have a variety of forms, including fl at continuous mats, cres-
cents, terraces, and rings ( Taylor, 1955 ;  Huntley, 1972 ; 
 Haussmann et al., 2009 ). While little is known about the deter-
minants of cushion shape (but see e.g.,  Huntley, 1971 ), a recent 
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 •  Premise of the study: In abiotically severe habitats, intraspecifi c aggregations can increase species ’ fi tness by ameliorating 
stressful environmental factors. However, the diffi culty of identifying individual plants in some growth forms makes the mea-
surements of intraspecifi c aggregation, and therefore the assessment of intraspecifi c facilitation, problematic. In this study, we 
examined the genotype composition within cushions of  Azorella selago , a sub-Antarctic cushion plant, to investigate the po-
tential extent of intraspecifi c facilitation. 
 •  Methods: The study was performed on Marion Island, South Africa. Two to eight samples were collected from 42  A. selago 
cushions, comprising eight different growth forms. Samples were genotyped using seven microsatellite markers. 
 •  Key results: We showed that all cushion shapes, with the exception of small cushions, may be comprised of more than one 
genetically distinct individual. 
 •  Conclusions: Under harsh sub-Antarctic conditions, intraspecifi c aggregation between  A. selago individuals appears common 
and may be driven by the positive impacts of environmental amelioration. 
 Key words:  Apiaceae;  Azorella selago ; intraspecifi c facilitation; Marion Island; microsatellite markers; relatedness. 
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Ecology Resources Primer Development Consortium (2010) and in Appendix S1 
(see Supplemental Data online at http://www.amjbot.org/cgi/content/full/ajb.
1000460/DC1). Data were scored using Genemapper 3.7 software (Applied Bio-
systems, Foster City, California, USA). As genotyping error would have a strong 
impact in this study, individuals were analyzed twice to validate our scoring. 
 Data analyses — To estimate the reliability of our microsatellite markers for 
distinguishing individuals, we calculated the probability of fi nding individuals car-
rying the same genotype by chance (i.e., probability of identity) in the population 
using the program GenAlEx 6.2 ( Peakall and Smouse, 2006 ). Due to low amplifi -
cation success, azo13 and azo14 were excluded from our data sets in some in-
stances. As a result, reliability estimates were based on a minimum of fi ve markers. 
Conversely, the presence of different genotypes was assumed to demonstrate the 
presence of several individuals within the same cushion plant. Within cushions, 
sample genotypes were compared and identical genotypes were assumed to belong 
to the same individual. Genotype data were mapped onto photographs of each 
cushion plant sampled to visually represent the results of the analyses. 
 To test whether relatedness among genetically distinct individuals within 
discrete cushions were signifi cantly higher than relatedness expected under 
panmixia within the sampling site, we compared the average kinship coeffi cient 
(Loiselle index;  Loiselle et al., 1995 ) calculated within cushions (only consider-
ing one of each unique genotype within cushions) to the overall kinship ob-
tained by permuting the spatial positions of individual (9999 permutations). 
This procedure was performed using the program SPAGeDi 1.2 ( Hardy and 
Vekemans, 2002 ). Population genetic indices (observed and expected heterozy-
gosities, inbreeding coeffi cient) were calculated and Hardy – Weinberg equilib-
rium was tested based on the genotypes of all sampled individuals from the 
main site population (collected on the western site of Marion Island) using the 
program GenAlEx 6.2 ( Peakall and Smouse, 2006 ). 
 RESULTS 
 All cushion shapes, except the small distinct cushions, com-
prised multiple genetically distinct individuals in one or more 
replicates ( Table 2 ; Appendix S2, see online Supplemental 
Data). While the small cushion plants each comprised only one 
genotype, the continuous mats consisted of at least nine geno-
types. Cushion plants of the other shapes contained an interme-
diate number of genotypes (1 – 6 genetically distinct individuals). 
The relatedness between  A. selago individuals within cushions 
was signifi cantly higher ( N = 50;  P  < 0.01) than the overall re-
latedness calculated across all our samples, suggesting that the 
individuals comprising a multi-individual cushion tend to be 
more closely related than expected under panmixia. 
study showed that large homogenous  A. selago mats actually 
consist of multiple genetically distinct individuals ( Mortimer 
et al., 2008 ). 
 The aim of this study was therefore to assess the extent of 
cryptic intraspecifi c aggregation across all the common shapes 
of  A. selago on Marion Island, testing whether seemingly dis-
crete cushions are composed of multiple genetically distinct 
individuals using highly polymorphic microsatellite markers. 
 MATERIALS AND METHODS 
 Study species and study site — Azorella selago Hook. (Apiaceae) is a low-
growing, compact cushion plant, which occurs in the sub-Antarctic ( Huntley, 
1972 ;  Frenot et al., 1993 ) and in the southern alpine regions of South America 
( Martinez, 1993 ). It is the most widespread vascular plant species on sub-Ant-
arctic Marion Island (46 ° S, 37 ° E), occurring from sea level to the upper limit of 
vascular plant growth on the island ( le Roux and McGeoch, 2008a ). Continuous 
 A. selago mats are most common on the western side of the island ( Phiri et al., 
2009 ), while other shape types appear to be more evenly distributed across the 
island. The species is monoecious with hermaphrodite protandrous fl owers and 
is wind-pollinated and wind-dispersed ( Martinez, 1993 ). 
 Sampling protocol — Leaves were collected from fi ve to eight  A. selago cushion 
plants within each of the eight shape categories (a total of 42 cushions were sam-
pled) for genetic analysis. The eight shape categories were based on cushion size, 
perimeter shape, and surface irregularity (detailed in  Table 1 ). These cushions were 
sampled on the eastern side of Marion Island (at the foot of Junior ’ s Kop, referred 
to as the main site from hereon; 46 ° 52.933 ′ S, 37 ° 49.819 ′ E). The number of leaf 
samples taken from each cushion plant varied between plant shapes, refl ecting 
cushion sizes and morphologies ( Table 1 ). In addition, two continuous  A. selago 
mats were sampled on the western side of Marion Island (above Swartkop Point and 
Mixed Pickle Cove, where this growth form is most common; 46 ° 55.818 ′ S, 
37 ° 37.225 ′ E and 46 ° 53.022 ′ S, 37 ° 38.910 ′ E, respectively). Samples were collected 
from the  A. selago mats at 1.5-m intervals, following the protocol employed by 
 Mortimer and colleagues (2008) , with the number of samples depending on the 
extent of the continuous mat. All samples were desiccated using silica gel in prepa-
ration for DNA extraction. 
 Genetic analyses — DNA extractions were performed using a DNeasy Plant 
Extraction Kit (Qiagen, Hilden, Germany). Extraction procedures followed the 
manufacturer ’ s instructions. Seven markers showing variation within  A. selago 
populations were chosen in this study: azo5, azo6, azo11, azo13, azo14, azo17 and 
azo23 ( Molecular Ecology Resources Primer Development Consortium, 2010 ). 
Amplifi cations and genotyping were performed as described by Molecular 





samples/plant Sample location within each plant
Small cushion Diameter  < 0.5 m, approximate hemispherical shape 5 4 From each quarter of the cushion plant
Large cushion Diameter  > 0.5 m, approximate hemispherical shape 8 2 – 7 From areas differing in color and/or shape
Cushion complex Irregular perimeter (i.e., shape not hemispherical, but 
a complex of hemispherical shapes), suggesting the 
coalescence of discrete individuals
6 2 – 3 From areas differing in color and/or shape
Cushion with irregular canopies Irregular canopy roughness (i.e., hemispherical shape, 
but surface not smooth), suggesting differing stem 
growth rates
5 6 – 8 From areas of irregular canopy roughness 
(i.e., from protrusions) and interspersed 
regular fl at areas
Ring cushion Approximately circular perimeter, but center of dead 
stems or bare soil ( A. selago not necessarily growing 
along entirety of circumference)
5 6 – 7 From along the circumference of the 
plant, taken at relatively equal intervals
Long cushion Length (i.e., longest diameter)  > 2m, elongated shape, 
growing on fl at or gently sloping ground
6 3 – 6 From the length of the plant, taken at 
relatively equal intervals
Terrace ( Azorella -banked) Length (i.e., longest diameter)  > 2m, elongated shape, 
growing on terrace riser (i.e., steep, short incline 
between fl at areas)
5 4 – 5 From the length of the plant, taken at 
relatively equal intervals
Continuous mat Area  > 4 m 2 of relatively fl at and homogenous 
cushion canopy
2 15 – 50 Sampled in a grid-like fashion at 1.5 m 
intervals
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 For data from all seven microsatellite markers, the probabil-
ity of identity (i.e., a measure of the marker reliability for dis-
tinguishing individuals) was 0.0001. This probability weakened 
to 0.008 with the exclusion of one marker (azo14) and to 0.024 
with the exclusion of both markers with low amplifi cation suc-
cess (azo13 and azo14, online Appendix S1). Therefore, the 
chance of incorrectly fi nding the same genotype in genetically 
distinct individuals within our data set due to insuffi cient marker 
variability was low (ca. 2% or less). 
 No deviation from Hardy – Weinberg equilibrium was ob-
served in our samples, and the expected and observed rates of 
heterozygosity (0.35 and 0.36, respectively) were within the 
same range reported by  Mortimer et al. (2008) . No inbreeding 
was detected, with a nonsignifi cant inbreeding coeffi cient of 
 F IS = 0.042, confi rming a preferential outcrossing mating sys-
tem as expected for our protandrous model species. 
 DISCUSSION 
 Our results show that all cushion plant shapes, except small 
cushions, may comprise more than one individual, highlighting 
the pronounced spatial aggregation observed in  A. selago on 
Marion Island. 
 At least two different processes may initiate extreme spatial 
aggregation in  A. selago : (1) coalescence, where initially dis-
crete plants grow against each other, and (2) fragmentation, 
where seedlings colonize senesced sections of larger cushions. 
In the process of coalescence, composite cushions are formed 
as initially distinct individuals growing until their canopies are 
in contact.  Azorella selago stems at the intersection of the two 
individuals will be unable to continue growing radially due to 
the compactness of their neighbors ’ canopy, but may compen-
sate with increased vertical growth, contributing to the faster 
formation of a smooth canopy surface across the contiguous 
individuals. Coalescence may be the process responsible for the 
formation of  “ double cushion complexes ” (e.g.,  Fig. 1C ; see 
also  Table 2 and online Appendix S2) and of  Azorella -banked 
terraces on wind-exposed and unstable slopes (i.e., long  A. sel-
ago cushions growing against the near-vertical portions of soil 
terraces;  Taylor, 1955 ;  Haussmann et al., 2009 ). 
 In contrast to coalescence, the process of fragmentation occurs 
when  A. selago seedlings (or small plants established from frag-
ments of other individuals) establish in dead portions of other, 
much larger cushions ( Armesto et al., 1980 ). Large cushion plants 
often have areas of senesced stems (i.e., where stems have died and 
the canopy is less compact;  le Roux et al., 2005 ) or eroded edges or 
centers (i.e., where dead stems have been blown away, revealing 
roots and bare soil). Our analyses showed that the patterns ob-
served in some large cushions support this model, with these plants 
comprising multiple fragmented clones that no longer appeared to 
have any connection (A265 and A275 on online Appendix S2). 
Fragmentation and subsequent interdigitation may also be a domi-
nant process in the continuous cushion mats where samples with 
identical genotypes are regularly interspersed with other genotypes 
(see  Mortimer et al., 2008 and A015, A048, MP, and SW in Ap-
pendix S2). Moreover, we found a higher than expected related-
ness between genetically distinct individuals within composite 
cushions. This pattern can be explained by both coalescence and 
fragmentation processes: sibling seeds could be wind-dispersed 
away from the source cushion in unison and establish to form cush-
ions composed of related individuals or seeds could be trapped by 
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 Fig. 1.  Examples of the different cushion types sampled, with the genotypes recorded within each cushion plant indicated by letters: (a) small cushion 
plant, (b) large cushion, (c) cushion complex, (d) cushion with irregular canopies, (e) ring cushion, (f) long cushion, (g) terrace and (h) continuous mat (grid 
indicates 1.5  × 1.5 m sampling intervals). 
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 Azorella selago individuals are likely to benefi t from the close 
proximity of conspecifi cs through the same microclimatic modi-
fi cations as the other species, which are facilitated by this cush-
ion plant: buffered thermal and moisture conditions, increased 
nutrient availability and substrate stability, and reduced wind 
exposure ( le Roux and McGeoch, 2008b ;  McGeoch et al., 2008 ; 
see also, e.g.,  Cavieres et al., 2007 ). For example, contiguous 
individuals would experience more regular soil moisture condi-
tions than isolated plants of the same size due to their lower 
surface: volume ratio (lower evapotranspiration than unvege-
tated soil; see also  Zotz et al., 2000 ), which may be important 
for plant survival since  A. selago is sensitive to changes in rain-
fall ( le Roux et al., 2005 ). Similarly, buffered soil temperatures 
would reduce the probability of frost-heaving of small plants, 
needle-ice-related physical damage in larger plants ( Hall, 1983 ), 
and intracellular freezing ( Hacker and Neuner, 2008 ). Higher 
nutrient availability and wind shelter associated with cushion 
plants may also be important because the fellfi eld habitats where 
this species is most dominant have low soil nutrient levels and 
are wind-exposed ( Smith et al., 2001 ;  le Roux and McGeoch, 
2008b ). Experimental confi rmation of differences in the survival 
and reproduction (i.e., fi tness) of isolated and aggregated indi-
viduals of the same size could provide support for these hypoth-
esized benefi ts of intraspecifi c aggregation in  A. selago . 
 Discrete cushion plants have usually been assumed to represent 
single individuals (e.g.,  Frenot et al., 1993 ;  Kleier and Rundel, 
2004 ;  le Roux and McGeoch, 2004 ;  Phiri et al., 2009 ). However, 
given that composite cushions appear to be common, this assump-
tion may be incorrect, suggesting that techniques for estimating 
cushion plant age from size should be carefully assessed. For ex-
ample,  Frenot et al. (1993) estimated the ages of  A. selago cush-
ions on recently deglaciated moraines. Because the cushions in 
that habitat were small plants, they possibly all corresponded 
to genetically distinct individuals. By contrast,  le Roux and 
McGeoch (2004) sampled a much larger range of  A. selago size 
classes, making it quite likely that composite cushions were in-
cluded. However, while  Frenot et al. (1993) estimated cushion age 
from radial extent (which is a useful measure for discrete indi-
viduals, but not composite plants),  le Roux and McGeoch (2004) 
used plant height to estimate plant age, which would show a more 
robust relationship with individual plants ’ ages (see also  Kleier 
and Rundel, 2004 ). As a corollary, inferences about popula-
tion dynamics from cushion plant size – class distributions (e.g., 
 le Roux and McGeoch, 2004 ;  Fajardo et al., 2008 ) must also be 
made cautiously. As demonstrated in this paper, genetic analyses 
can be powerful tools in solving this problem. 
 In conclusion, our fi ndings show that  A. selago cushions often 
comprise multiple genetically distinct individuals, highlighting 
that under sub-Antarctic conditions extreme intraspecifi c aggre-
gation between individuals of this species may be common. We 
hypothesize that these composite cushions are formed through 
processes of coalescence and fragmentation, which are enhanced 
by intraspecifi c facilitative interactions, resulting from the ame-
lioration of microhabitat conditions by  A. selago cushions, and 
are maintained by the high costs of intraspecifi c competition im-
posed by extreme abiotic conditions. 
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